I N T R O D U C T I O N
As a group of holozooplankton, salps are distributed throughout the world oceans, often forming vast swarms at various spatial scales (Raymont, 1983) . From the viewpoint of matter cycling in the marine ecosystem, salps are of special interest because of their very high filtration rates, removing minute particles (<1 mm for some species) with high efficiency, high defaecation rates and production of large faecal pellets which sink rapidly [cf. review of (Andersen, 1998) ]. As to the utilization of salps on the higher trophic levels, more than 47 fish species are known to utilize salps as food (Kashkina, 1986 ) and the feeding behaviour of krill on salps has also been observed (Kawaguchi and Takahashi, 1996) . Accordingly, salps are likely to be a more important source of food for other organisms than was previously considered (Heron et al., 1988) . Salps have a complex life history with alternation of generations: aggregated sexual blastozooids (hereafter cited as the aggregate form) and solitary asexual oozooids (the solitary form). For some salps, there is evidence that aggregate and solitary forms exhibit some dissimilar features in their elemental and biochemical composition (Madin et al., 1981) , metabolic rate-body size relationships (Cetta et al., 1986) , and other physiological rate processes such as feeding and growth rates (Madin and Deibel, 1998) .
The large salp Salpa thompsoni has a widespread distribution from the subtropical convergence to the ice-edge in the Southern Ocean (Foxton, 1966; Casareto and Nemoto, 1986) . The solitary form that is a tubular shape grows up to 120 mm long, while the aggregate form, bearing anterior and posterior obliquely inclined conical processes, grows up to 60 mm (Ensal and Daponte, 1999) .
The life history of S. thompsoni was shown in detail by Foxton (Foxton, 1966) and marked alternation of generations was found. Between May and September (winter) the population of the aggregate form is very small. Then, in the spring a solitary individual produces a stolon by asexually budding (this is capable of producing $800 aggregates). This stolen strobilates into chains of aggregates and these chains detach and become the singular aggregate form. The number of the aggregate form peaks in February, and an individual of the aggregate form releases one embryo of the solitary form, which in turn gives rise to the solitary form in March (Foxton, 1966) . In the regions where S. thompsoni form dense swarms they often outnumber krill and other zooplankton (Nishikawa et al., 1995; Loeb et al., 1997; Chiba et al., 2000) , and their feeding activities are estimated to be sufficient to exploit all the primary production in some areas (Dubischar and Bathmann, 1997; Perissinotto and Pakhomov, 1998) . Because of this, it has been hypothesized that krill and salps compete for the phytoplankton resource in the Southern Ocean (Siegel and Loeb, 1995; Loeb et al., 1997) .
Previous studies related to the physiology of S. thompsoni in the Southern Ocean include the biometry and the chemical composition of the body (Ikeda and Mitchell, 1982; Ikeda and Bruce, 1986; Huntley et al., 1989) , locomotive activity (Reinke, 1987) , oxygen consumption and nitrogen/phosphorus excretion rates (Ikeda and Mitchell, 1982; Ikeda and Bruce, 1986; Reinke, 1987) , and filtering/ feeding rates and faecal pellet production rates (Reinke, 1987; Huntley et al., 1989; Pakhomov, 1997, 1998) . Throughout these physiological and biochemical data on S. thompsoni, information about the differences between the aggregate and solitary forms is absent.
In this study, we determined the metabolic rates (oxygen consumption, ammonia excretion and phosphate excretion) of the aggregate and solitary forms of S. thompsoni, in conjunction with its chemical (water, ash) and elemental compositions (carbon, nitrogen, phosphorus) to examine any differences between the two generations.
M E T H O D Animals
Live specimens of S. thompsoni were collected aboard the R/V 'Kaiyo-Maru' at 10 stations in the waters around the Antarctic Peninsula during the period from December 24, 1999 to February 8, 2000 (Figure 1 ). The samples were collected with fine-meshed dip nets from onboard and a Norpac net fitted with a 3 L cod end which was towed slowly for <3 min through the subsurface layers. Additional collections were also made with a Rectangular Midwater Trawl (0.33 mm mesh size) which was towed obliquely from 200 m depth to the surface. At each sampling, vertical profiles of temperature were determined with a CTD system (Seabird SBE911plus). The specimens were gently transferred into 20 L containers filled with the surface water and maintained at $1.5 C. Sea water was collected from 5 m depth with a laboratory pumping system at each collection site of S. thompsoni, filtered through Advantec cartridge filters (<0.65 mm pore size) and well oxygenated for use in the metabolic experiments described below.
Metabolism
All specimens were used for the experiments within 4-24 h of capture. Oxygen consumption, ammonia excretion and phosphate excretion rates of S. thompsoni were measured simultaneously by the water bottle method (Omori and Ikeda, 1984) . Prior to the incubation, individual specimens of the aggregate and solitary forms or specimens of the aggregate form as a chain were placed in a 1000 mL glass beaker filled with filtered sea water. The sea water was then gently decanted and replaced three to five times while retaining the specimen(s) in a small volume of sea water. The thus washed specimens were then introduced into 2000 mL glass bottles filled with the filtered sea water (i.e. under starvation). Control bottles without specimens were prepared concurrently. The experiments were run for 12-27 h at a temperature of 1.0-1.7 C (mean: 1.3 C) in the dark. The experimental temperature was set within the range of the in situ temperatures (0-4 C). At the end of the experiment, the water sample was first siphoned out from the bottles into three 100 mL oxygen bottles for determination of the dissolved oxygen. Then two sets of duplicate 10 mL samples were drawn into test tubes for ammonia and phosphate determinations. JOURNAL OF PLANKTON RESEARCH j VOLUME 26 j NUMBER 9 j PAGES 1025-1037 j 2004 Dissolved oxygen was determined by the Winkler titration method using an automatic recording titrator (ART-3, Hirama Laboratories). Phosphate was measured by the molybdate method adapted for use with an autoanalyser (Bran+Lubbe Auto Analyser II). Ammonia samples were frozen and determined by the phenol-hypochlorite method after returning to the land laboratory. The precision of the analyses, as expressed by the coefficient of variation (CV, SD/mean, %), was 0.8% for dissolved oxygen, 2.7% for ammonia and 1.8% for phosphate.
Biometry and elemental composition
For individual specimens the body length (from the oral opening to the atrial opening) was measured (mm body length, mmBL), then the animal was rinsed with distilled water, blotted on filter paper and kept frozen (<À20 C). Later, frozen specimens were weighed (wet weight, WW) and then freeze-dried for the determination of dry weight (DW). Dried specimens were finely ground with a mortar and pestle. The resultant powder samples were used for carbon (C) and nitrogen (N) analyses with an elemental analyser (Yanaco CHN Corder MT-5) using antipyrine as the standard. For the phosphorus (P) composition, samples were digested in 50% (v/v) H 2 SO 4 for 1 h at near 100 C, neutralized with KOH and measured as phosphate by the molybdate method (Omori and Ikeda, 1984) . For each powdered sample, a weighed fraction was incinerated at 500 C for 12 h and re-weighed for ash determination. All determinations of the C, N and P compositions and ash were made in duplicate. The precision of the elemental analysis and ash content was 2.2% for C, 3.1% for N, 2.2% for P and 1.2% for ash. The elemental composition data were expressed as the percentage of mass.
Regression statistics
The relationships between metabolic rates (oxygen consumption, ammonia excretion or phosphate excretion) and body length and weights [WW, DW, ash-free dry weight (AFDW), carbon weight (CW), nitrogen weight (NW) or phosphorus weight (PW)] were analysed by the geometric (GM) regression method (Ricker, 1973) throughout this study unless otherwise stated. The regressions are expressed as log 10 Y = a + b log 10 X. Data for the chained-and singular aggregate specimens were pooled as 'the aggregate form' in the analyses.
R E S U L T S Metabolism
Individual specimens used for the metabolism experiments ranged 12-56 mmBL (7-553 mg DW) for the aggregate form, and 26-132 mmBL (29-1274 mg DW) for the solitary form. Oxygen consumption, ammonia excretion and phosphate excretion rates of both aggregate and solitary forms increased with increasing BL or weights (WW, DW, AFDW, CW, NW and PW) and were significantly correlated [t-test for slopes (b) = 0, all P < 0.05] (Table I, Figure 2 ). Regression analyses of the rates on all weight units revealed that the slopes (b) did not differ significantly from unity (b = 1.0) for both aggregate and solitary forms (all P > 0.05) in 34 out of 36 regression lines. The two regression lines of which slopes were significantly different from 1.0 were those of ammonia excretion rates on AFDW for the aggregate form (P = 0.02), and of oxygen consumption rates on DW for the solitary form (P = 0.03). The 95% CI of the slopes of the regression lines on all weight units overlapped between aggregate and solitary forms, including b = 1.0. From these results, the weight-specific rates were calculated and compared between aggregate and solitary forms. As a result, no significant difference between aggregate and solitary forms was observed (Mann-Whitney U test, P > 0.1) on all weight units, and thus combined mean values are shown in Table II , except for oxygen consumption rate on PW (P < 0.01).
The atomic ratios of oxygen consumption rates to ammonia excretion rates (O:N), of ammonia excretion rates to phosphate excretion rates (N:P) and of oxygen consumption rates to phosphate excretion rates (O:P) were calculated as indicators of metabolic substrates. The O:N ratios ranged from 9 to 39 (mean 21), N:P ratios from 3 to 87 (17) and O:P ratios from 12 to 1796 (399) for the aggregate form. Respective ratios for the solitary form varied from 13 to 60 (mean: 26), 2 to 30 (11) and 38 to 1821 (399) ( Table II) . The effect of weights on these ratios, as examined by using DW, was not significant (P > 0.1).
Body length, water and ash contents and elemental CNP composition
The relationships between weights (WW, DW, AFDW, CW, NW and PW) and BL were all highly significant (P < 0.01) for both aggregate and solitary forms (Table III) . The slopes (b) varied from 2.45 to 2.67 for the aggregate form and from 1.94 to 2.41 for the solitary form.
Water (% of WW) and ash (% of DW) ranged from 96.4 to 97.7 (mean: 96.9%) and from 65.2 to 73.8 (70.3%), respectively, for the aggregate form; and from 96.2 to 96.9 (96.5%) and from 66.8 to 76.4 (71.6%), respectively, for the solitary form. Water content for the aggregate form and ash contents for the solitary form decreased and increased, respectively, with the increase of DW (P < 0.001, Figure 3 ). However, mean values of water and ash contents between the aggregate and solitary forms were not significant (Mann-Whitney U-test, P > 0.2, Table II) .
Ranges of the C, N and P composition (% of DW) were 4.39-7.72 (mean: 6.02%), 1.05-2.00 (1.52%) and 0.09-0.22 (0.15%), respectively, for the aggregate form; and 3.27-6.98 (5.12%), 0.77-1.85 (1.31%) and 0.06-014 (0.11%), respectively, for the solitary form. All the C, N and P compositions (% of DW) tended to decrease with the increase of DW, but the pattern was significant only for PW of the solitary form (P < 0.001, Figure 3 ). Means of each weight for the aggregate and solitary forms were not significant for NW (Mann-Whitney U-test, P > 0.1, Table II ). In the same DW ranges between the aggregate and solitary forms (i.e. excluding the largest animal of the solitary form), CW and PW between the aggregate and solitary forms also did not differ significantly (P > 0.1). The C:N ratios (by weight) varied from 3.74 to 4.91 (mean: 3.96) for the aggregate form, and from 3.77 to 4.24 (3.90) for the solitary form (Table II) .
Daily metabolic losses of body C, N and P Oxygen consumption rates were converted to a carbon unit, assuming protein metabolism [RQ = 0.97 (Gnaiger, 1983) ]; i.e. O 2 consumption rates Â 0.97 Â 12/22.4 Â 24, where 12/22.4 is the carbon mass in 1 mol of CO 2 and 24 is hours in a day. The daily nitrogen and phosphorus losses were calculated assuming that ammonia and inorganic phosphate are the only forms of nitrogen and phosphorus in the excreta.
Metabolic loss thus estimated was 0.8-6.1% day
À1
(mean: 3.0) for body C, 0.6-4.3% day À1 (1.6) for body N and 0.3-16.3% day À1 (3.9) for body P, respectively, for the aggregate form; and 2.5-4.9% (3.5), 0.4-3.6% (1.8) and 0.4-27.4% (10.6), respectively, for the solitary form (Table II) .
D I S C U S S I O N Metabolism
Metabolic rates of organisms are commonly expressed as a function of the weight (log 10 M = a + blog 10 W ) and a value of the slope (b) of 0.75 is the most widely used ) and carbon weight (mg), (B) between ammonia excretion rate (mg-at N ind.
À1 h
À1
) and carbon weight (mg), and (C) between phosphate excretion rate (mg-at P ind. (Schmidt-Nielsen, 1997). For marine planktonic metazoans b is usually in the range of 0.7 to 0.9 (Ikeda et al., 2000) . In this study, values of b for oxygen consumption, ammonia and phosphate excretion on weight for aggregate and solitary forms are close to 1 (0.807-1.997, Table I ), and the results indicated that specific metabolism rates of S. thompsoni were weight-independent for both generations. Madin and Deibel (Madin and Deibel, 1998) reviewed the oxygen consumption and ammonia excretion rates of salps and showed that values of b for oxygen consumption range from 0.7 to 1.63, with a mean of 1.12. They suggested the geometry Means¯AE 1 SD and (number of observations) are given. DW = mg dry weight, WW = g wet weight, CW = mg carbon weight, NW = mg nitrogen weight, PW = mg phosphorus weight and AFDW = mg ash-free dry weight, S = significant. of salp bodies or their swimming activity as possible causes. Oxygen consumption rates of some ctenophores are also weight-independent Youngbluth et al., 1988) , and Larson (Larson, 1987) also described that most values of b in the medusae (12 species) were not significantly different from 1. The value of b calculated from geometric regression is greater than that from arithmetric regression when r < 1.00 (Ricker, 1973) . The significant, but rather low, correlation coefficient observed in phosphate excretion may exert the b values which were greater compared with those of oxygen consumption and ammonia excretion (Table I) . In this study, differences in the metabolism (oxygen consumption, ammonia excretion and phosphate excretion rates) on weights between the aggregate form and the solitary form were examined but no significant differences (P > 0.1) were observed, except for oxygen consumption on PW (P < 0.01). This exception is probably the result of the low phosphorus body content of the solitary form (Figure 3) . The metabolism of both the aggregate and solitary forms in the same salp species has been investigated by several workers. Biggs (Biggs, 1977) measured the oxygen consumption and ammonia excretion rates of several salp species collected by SCUBA divers, and reported that the rates of the aggregate form showed a tendency to be less than those of the solitary form of a similar size. The same tendency was observed by Cetta et al. (Cetta et al., 1986) for these rates in the allied species Salpa fusiformis. In contrast, oxygen consumption and ammonia excretion rates of the solitary form of S. fusiformis by Ikeda (Ikeda, 1974) have lower rates than the aggregate form. However, the papers mentioned above did not state their exact experimental temperature or different temperatures were used. For phosphate excretion, Andersen (Andersen, 1989) examined the difference between the aggregate and solitary forms of S. fusiformis, and found a lower phosphate excretion of the aggregate form compared with that of the solitary form, but no significant relationship between the excretion rate and individual weight for both the aggregate and solitary forms could be seen. On the other hand, Andersen and Nival (Andersen and Nival, 1986) showed that the ammonia excretion rate of S. fusiformis is similar for the aggregate and solitary forms at the same weight.
Many factors are known to affect the metabolic rate, for example, temperature, feeding, diel rhythm, season, capture stress and locomotive activity. As for swimming, salps intake water into the chamber through the anterior aperture and expel it through the posterior aperture while medusae fill and expel through the same posterior aperture, so that the swimming of salps is more efficient (Madin, 1990) . But nevertheless the cost of swimming accounts for a large portion of the oxygen consumption rate (Trueman et al., 1984) and salps tend to have higher respiration rates than cnidarians and ctenophores (Schneider, 1992) . This is because salps are active swimmers that swim continuously by rhythmic contraction of their bodies. The different shape between the two generations is likely to cause the different swimming efficiency and the volume of locomotive muscle (the number of muscle bands). For S. thompsoni, the low experiment temperature (1.3 C) compared with those of other warm-water salps is attributable to the low values of metabolism and thus probably of the swimming activity (routine metabolism). It implies that the basal metabolic rates of both the aggregate and solitary forms are the same.
The present results were compared with those of previous workers for the same species (Figure 4) . Carbon as body-mass was adopted because it reduces phylogenetic variability in metabolic rates (Ikeda and Mitchell, 1982) and is appropriate to the metabolic rates of gelatinous zooplankton (Schneider, 1990 (Schneider, , 1992 . The experimental temperature for S. thompsoni is similar among previous metabolic data, i.e. À1.1 C (Ikeda and Mitchell, 1982 ), À1.6 or À1.7
C (Ikeda and Bruce 1986) , and 0.0 C (Reinke, 1987) , thus no compensation was made. The problem whether the metabolic data were for the aggregate or solitary form is negligible, assuming there are no differences between both generations as shown in the present results. Oxygen consumption and ammonia excretion rates of previous workers are consistent with our results (Figure 4) . However, the phosphate excretion is higher and variable, and the scatter of the data might be the cause of this.
Moreover, the results were compared with other salps ( Figure 5 ). The metabolism on DW was investigated for Cyclosalpa bakeri (Madin and Purcell, 1992) , S. maxima (Nival et al., 1972) , S. fusiformis (Mayzaud and Dallot, 1973; Ikeda, 1974) , S. thompsoni (Ikeda and Mitchell, 1982; Ikeda and Bruce, 1986; Reinke, 1987) , Thalia democratica (Mayzaud and Dallot, 1973 ) and salps Roger, 1982) under various temperature regimes ( C). In this study, other data sets based on fluctuating experimental temperatures were not included, and the DW unit was adopted because many studies which described experiment temperature expressed the data in terms of dry mass. Since the values of b (slope) are close to 1 for salps, weight-specific metabolism is considered for meaningful comparison to analyse the effect of temperature on salp metabolism. The semi-log plots of weight-specific metabolism (Y) obtained for each species against water temperature (X) indicated that the metabolism increased exponentially with the increase in temperature, producing arithmetric regression equations ( Figure 5 ): log 10 Y = À1.081 + 0.0446X (r = 0.906, N = 17) for oxygen consumption, log 10 Y = À3.339 + 0.0441X (r = 0.926, N = 12) for ammonia excretion and log 10 Y = À3.658 + 0.0413X (r = 0.926, N = 8) for phosphate excretion. From these results, Q 10 was calculated as 2.8, 2.8 and 2.6, respectively. The Q 10 values are slightly higher than those found by Ikeda (Ikeda, 1985) , who analysed about 700 zooplankton metabolic data, and obtained values of 1.63 for oxygen consumption, 1.67 for ammonia excretion and 1.33 for phosphate excretion. Torres and Childress (Torres and Childress, 1983 ) measured the oxygen consumption rate as a function of the swimming velocity for the euphausiid Euphausia pacifica at two temperatures, and found that temperature had a more profound effect on the metabolism at higher swimming speeds (Q 10 = 2.8) than on standard metabolism (Q 10 = 2.0). This implies that locomotive activity is costly at higher temperature and the active swimming of salps would result in high Q 10 values. Childress (Childress, 1995) emphasized the importance of vision as a factor that strongly affects the metabolic rates of organisms.
An O:N ratio of 24 is obtained when equal amounts of protein and lipid are metabolized (Ikeda, 1974) . The O:N ratios of S. thompsoni were highly variable, especially for the solitary form (Table II) . A lower O:N ratio of 21 for the aggregate form indicates a largely proteinoriented metabolism, although a slightly higher O:N ratio of 26 was observed for the solitary form.
Body composition
C, N and P composition (% of DW) tended to decrease with the increase of DW, which would be related to the increase of ash contents, and over the same DW range, no significant difference between the aggregate and solitary forms was observed. Heron et al. (Heron et al., 1988) analysed the length-weight relations in the salp Thalia democratica, and no significant difference between the solitary and aggregate forms could be detected. Andersen (Andersen, 1998) reviewed body composition of salps, and the C, N and P contents were 3.2-11.9% DW for C, 0.6-2.8% DW and 0.08-0.195% DW for P, respectively. As for species of the same genus Salpa (Table IV) , maximum values for in C and N are greater by a factor of 8 than those of the minimum, while C/N ratio is 1.2. The residual water content and salt of DW may explain the observed wide range in C and N contents of Salpa (Madin et al., 1981; Heron et al., 1988; Clarke et al., 1992) . This result indicates that estimates based on carbon are superior to dry weight for salps the unless the residual water and salt problem is clear.
Metabolic loss of body C, N and P
Daily metabolic loss for carbon and nitrogen in this study differed little from those observed by Ikeda and Mitchell (Ikeda and Mitchell, 1982) and Ikeda and Bruce (Madin and Purcell, 1992) , Salpa maxima (Nival et al., 1972) , S. fusiformis (Mayzaud and Dallot, 1973; Ikeda, 1974) , S. thompsoni (Reinke, 1987; Ikeda and Mitchell, 1982; Ikeda and Bruce, 1986) , Thalia democratica (Mayzaud and Dallot, 1973) and salps (Roger, 1982) . (Ikeda and Bruce, 1986 ) (2.33-2.81% for C, 0.90-1.62% for N), while Ikeda and Mitchell's (Ikeda and Mitchell, 1982) value for phosphorus is greater than our value for the aggregate form and similar for that of the solitary form ( Table I ).
Assuming that the BL of the aggregate form is 30 mm, daily loss of carbon is 0.168 mg (5.670 Â 0.0296, from Table II and III) and a maximal clearance rate is 308 mL h À1 (Huntley et al., 1989) . Hence, if the assimilation efficiency is 64% [S. fusiformis (Andersen, 1986) ] and S. thomsoni is a continuous feeder throughout the day, the ambient concentration of carbon (particles retained by S. thompsoni) that is required to support the individual is 36 mgC L À1 . From a similar calculation for nitrogen, the concentration of 5 mgN L À1 is required. The value of C is higher than that (3.5-30 mgC L À1 ) of Le Fèvre et al. (Le Fèvre et al., 1998) , which would be the result of the difference between the clearance rates estimated. The values calculated here would be useful for an index for use in controlling swarming because below the threshold, the growth and reproduction cannot develop, resulting in the end of further mass occurrence. Under optimal conditions, both growth and reproduction of salps are rapid. For example, it amounted to almost 30% of body C day À1 for a solitary form of C. bakeri (Madin and Purcell, 1992) . Thus, further research about the growth and reproduction rates of S. thompsoni is required. It is anticipated that the simulating of parameters characterizing their metabolism and life cycle will allow significant advances in the understanding of the swarming for S. thompsoni [e.g. (Laval, 1997) ], and further our knowledge of the relationship with competitor organisms such as E. superba in the Southern Ocean.
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